Gamma aminobutyric acid (GABA) has great physiological functions, mainly as a major inhibitory neurotransmitter in the brain, which makes it important for the development of functional foods. This study detected GABA in grains and cruciferous vegetable seeds by using HPLC after pre-column on-line derivatization with diode array detection (DAD) and fluorescence detection (FLD). The limit of quantitation was 2.94 and 2.86 µg/mL with DAD and FLD, respectively. GABA recoveries ranged from 98.8 to 111.2% on both detectors. Intra and inter-day precision showed relative standard deviations, generally, less than 10% for both DAD and FLD. GABA was determined in different grains (flaxseeds, white quinoa seeds, and buckwheat) and cruciferous vegetable seeds (broccoli, kale, daikon radish, mustard, cabbage, and brussels sprouts). Organic broccoli seeds contained the highest amount and mustard seeds the least amount of GABA in the Brassica family with none being detected in organic white quinoa and flaxseeds. A statistically significant difference (p < 0.05) exists between the various lots of the broccoli seeds. GABA is important as a natural source in functional foods.
Introduction
Gamma aminobutyric acid (GABA) is a four-carbon non-proteinogenic amino acid and a major inhibitory neurotransmitter in the brain. It has several physiological roles, mainly in the human central nervous system (Watanbe, Maemura, Kanbara, Tamayama & Hayasaki, 2002) . Most recently, GABA as a bioactive compound has become popular for its functional and health effects because it has been recognized to improve brain function (Watanbe et al., 2002) , lower blood pressure (Inoue et al., 2003) , reduce insomnia (Plante, Jensen, Schoerning & Winkelman, 2012) , induce relaxation and diminish anxiety (Abdou, Higashiguchi, Horie, Hatta, & Yokogoshi, 2006) and inhibit impulsivity (Silveri et al., 2013) . It is also believed to help prevent diabetes (Taneera et al., 2012; Braun et al., 2010) . Moreover, GABA can delay and/or prevent the spread of cancer cells and stimulate apoptosis in cancer cells. Additionally, it is shown to suppress tumors as well (Diana, Quí lez, & Rafecas, 2014) .
GABA is synthesized primarily from glutamate by the enzyme glutamate decarboxylase (GAD) with pyridoxal phosphate (the active form of vitamin B6) as a cofactor (Watanbe et al., 2002) . GABA exists naturally in small quantities in many plant sources: vegetables (spinach, potatoes, cabbage, asparagus, broccoli and tomatoes), fruits (apples and grapes), and cereals (barley and maize). A high amount of GABA is found mainly in fermented products such as fermented dairy products, soy sauces and cheeses. Although the human body can generate its own GABA, it is sometimes hindered by a lack of estrogen, zinc or vitamins, or by a high amount of salicylic acid and food additives in the diet (Diana, Quí lez, & Rafecas, 2014) . With aging, ability to produce GABA in the cerebral cortex weakens (Leventhal, Wang, Pu, Zhou, & Ma, 2003) . Therefore, it is worthwhile to consider dietary or nutritional supplements for GABA.
To promote and maintain the health of the consumers, it is pertinent to discover new natural food sources of GABA and development of functional foods. Particularly, grains and seeds will potentially be used as raw ingredients in nutritional GABA supplements and as raw materials for sprouts. Beans, rice, and wheat seeds have been used for germination studies to increase the content of GABA (Yang, Guo, & Gu, 2013; Ding et al., 2018a; Ding et al., 2018b) . GABA content for fava beans sprouted for five days under hypoxia was 2.21-fold higher than that of the control (Yang, Guo, & Gu, 2013) . Hayat et al. (2015) determined controlled brown rice samples to be 47-65 mg/kg, 115-935 mg/kg for germinated and 1032-1089 mg/kg for fermented samples. Ding et al. (2018a) noticed that GABA in red rice was 2.91 mg/100 g and increased after germination for 72 h and was 15.4 times higher than the un-germinated rice. GABA content in the wheat non-sprouting sample contained 14.68 ± 0.43 mg/100 g, which after a 72 h germination increased by 339% (Ding et al., 2018b) . GABA content in grains and cruciferous vegetable seeds, which can be used as health promoting food ingredients such as flaxseeds, quinoa, barley and broccoli seeds, has not been established.
GABA content for germination of grains experiments has been tested primarily by using HPLC on a reversed phase column, C-8 or C18 after pre-column online derivatization with o-phthaldialdehyde (OPA) (Hayat et al., 2015; Ding et al., 2018a) or with addition of dansyl chloride to the sample (Ding et al., 2018b) and detection by an ultraviolet visible (UV-Vis) detector. Zhao et al. (2011) analyzed GABA in Chinese teas with HPLC-FLD using OPA for pre-column online derivatization. Ding et al. (2016) tested GABA in ungerminated and germinated dehulled rice under normoxic and hypoxic conditions by GC-MS using bismethylsilane trifluoracetamide (BSTFA) to derivatize samples. However, these analytical methods have not been used to determine GABA in grains and cruciferous vegetable seeds.
The objective of this study was to determine the amount of gamma aminobutyric acid (GABA) in grains and cruciferous vegetable seeds using high performance liquid chromatography with diode array detector (DAD) and a fluorescence detector (FLD). GABA content was also assessed in various lots of broccoli seeds.
Materials and Methods

Chemicals and Reagents
Sodium phosphate dibasic, (Na 2 HPO4; purity ≥ 99%), sodium tetraborate decahydrate (Na 2 B4O7.10 H 2 O; purity ≥ 99.5%), sodium azide (NaN 3 ; purity ≥ 99.5%), gamma-aminobutyric acid (GABA; > 99% purity) and norvaline (internal standard; > 98% purity) were purchased from Millipore Sigma (St. Louis, MO, USA). All chemicals and reagents used were of analytical grade. Phosphoric acid, ACS grade and 36.5-38% HCl, ACS grade were obtained from VWR International (Radnor, PA, USA). Acetonitrile and methanol, both HPLC grade were acquired from EMD Millipore Corp. (Darmstadt, Germany). The solutions were prepared with ultra-pure water (Milli-Q system; Millipore, Bedford, MA, USA). Borate buffer (0.4 N, pH 10.2) and o-phthaldialdehyde (OPA) reagent (10 mg/mL) used for derivatization were purchased from Agilent Technologies (Santa Clara, CA, USA).
Material and Sample Preparation
A variety of grains and cruciferous vegetable seeds were collected from suppliers of VDF FutureCeuticals in Momence, IL. Caudill Seed Company (Louisville, KY, USA) supplied the organic (A) and conventional (A-E) broccoli seeds, organic buckwheat seeds, mustard seeds and organic daikon radish seeds. Organic white quinoa seeds were acquired from Colorexa (Deerfield Beach, FL, USA). Organic kale was purchased from Johnny's Seeds (Winslow, ME, USA). Organic broccoli seeds (B) and organic flaxseeds were obtained from Organic Quality Food (Spring, TX, USA). The collected grains and cruciferous vegetable seeds were then ground to a fine powder with an Economical Analytical Mill (IKA A11 basic, Germany) and stored at room temperature until they were used for extraction.
Extraction of GABA
Approximately 100 ± 10.0 mg ground grains and cruciferous vegetable seeds were extracted using 5 mL of Milli-Q water at room temperature (~23°C). Norvaline, added to a final concentration of 50 µg/mL was used as an internal standard. Each sample was shaken on a wrist shaker for 30 min, and sonicated in an ultrasonic bath for another 30 min. The solution was centrifuged at 8000 rpm for 10 min at room temperature (~23°C). The supernatant was filtered through a 0.45-µm nylon syringe filter into a 2 mL HPLC autosampler vial and the filtrate was used to determine the GABA content.
Analysis
Separation of GABA from the grains and cruciferous vegetable seeds was performed on an Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA) with an ultraviolet-visible diode array detector (DAD) (338 nm) and a fluorescence detector (FLD) (Excitation 230 nm and Emission 450 nm). The separation was achieved using a Zorbax Eclipse AAA C18 column (4.6 x 150 mm, 3.5 µm) from Agilent Technologies. Analysis was prepared according to Agilent's Application Note for amino acids (Henderson & Brooks, 2010) .
Linearity of the method for GABA was determined to be in the concentration range of 4-120 µg/mL. The coefficient of determination (R2) was 0.99979 for the DAD and 0.99904 for the FLD indicating the goodness of the fit of the data to the regression line. The RSDs of the intraday (repeatability) results for GABA in organic white quinoa seeds were 6.0% and 5.5% for the 5 µg/mL level and 0.51% and 0.49% for 50 µg/mL, with the DAD and FLD, respectively. The RSDs of the interday (intermediate precision) results for GABA were 10.8% and 6.4% for the 5 µg/mL level, 3.8% and 3.6% for 50 µg/mL, and 1.4% and 3.1% for 100 µg/mL, with the DAD and FLD, respectively.
Limit of detection (LOD) was calculated as 3s and limit of quantitation (LOQ) as 10s, where s is the standard deviation. LOD for GABA was 0.881 and 0.857 µg/mL with DAD and FLD, respectively, whereas LOQ was found to be 2.94 and 2.86 µg/mL with DAD and FLD, respectively.
Trueness was evaluated by determining the average recoveries (%) of GABA in flaxseed and quinoa blank samples. No blank broccoli samples were found to perform this study. A broccoli sample containing GABA (1278 µg/g and 1331 µg/g as detected by DAD and FLD, respectively) was therefore chosen for the recovery study. Average Recoveries (%) of GABA in select grains/cruciferous vegetable seeds are shown in Table 1 . Recoveries ranged from 100.0 to 110.5% with the DAD and 98.8 to 111.2% with the FLD detector, which established the accuracy of the method. Zhao et al. (2011) extracted GABA from tea in hot water (85°C) for 2 hours. In this study, we observed that extraction of GABA with hot water did not work. Preliminary investigation was performed using ground organic broccoli seeds to determine the effectiveness of water extraction only (shaken for 30 min) versus water extraction (shaken for 30 min) and then sonication (30 min) at room temperature. Results showed that with sonication the level of GABA increased 32.2 % and 34.7 %, (n=4) with a significant difference (p < 0.05) when detected by the DAD and FLD, respectively.
Results and Discussion
Extraction of GABA in Seeds
Ultrasound increases extraction by additionally disrupting the plant tissue (Mason, Paniwnyk, & Lorimer, 1996) . The increase in GABA content with sonication has been previously demonstrated. Yang, Gao, Yang & Chen (2015) found that ultrasound treatment increases the germination rate, sprout length, and GABA content of soybean sprouts. Ding et al. (2018a) showed that GABA content in red rice significantly increased after germination for 72 h and further increased at different stages during germination upon ultrasound treatment. In another study, Ding et al. (2018b) demonstrated that the GABA content in the ultrasound-treated soft white wheat was 30.7% higher than that without ultrasound treatment. Therefore, to optimize the extraction of GABA, water and sonication were used for the analyses of grains and cruciferous vegetable seeds. GABA was extracted from grains and cruciferous vegetable seeds with water at room temperature (~23°C) for 30 min. and sonication for 30 min.
Analysis of GABA in Grains and Cruciferous Vegetable Seeds
Select grains and seeds belonging to the genus Brassica were screened for GABA. Table 2 lists the mean GABA concentrations (n=4) and standard deviations (stdev) found in each of select grains and cruciferous vegetable seeds with mostly similar results obtained when identified using both detectors, DAD and FLD. It can be observed that all of the Brassica vegetable seeds contained GABA ranging from 41.38 ± 2.67 mg/100 g to 116.6 ± 6.48 mg/100 g with DAD and 41.10 ± 2.46 mg/100g to 118.91 ± 4.06 mg/100g with FLD. Results showed that organic broccoli seeds contained the highest amount and mustard seeds the least amount of GABA in the Brassica family with none being detected in organic white quinoa and flaxseeds. Various lots of broccoli seeds, organic and conventional were assessed for GABA. Lot-to-lot variability of broccoli seeds was examined for GABA (n=4). Figure 1 depicts GABA content in the broccoli seeds lots analyzed. GABA concentrations ranged from 93.9 ± 13.4 mg/100 g to 131.9 ± 3.17 mg/100 g on the DAD and 96.03 ± 19.5 mg/100g to 129.7 ± 6.21 mg/100g on the FLD. Although obtained from different suppliers, GABA content was similar in the two organic broccoli seeds and showed no significant difference (p > 0.05) with the DAD and (p > 0.05) with the FLD. Overall, there is a statistically significant difference for GABA results in conventional broccoli seeds observed by DAD (p < 0.05). Conventional Broccoli C is significantly different from Organic Broccoli A, Organic Broccoli B, Conventional Broccoli D and Conventional Broccoli E as detected on the DAD (p < 0.05). Conventional Broccoli D is also significantly different from Conventional Broccoli A and Conventional Broccoli B with the DAD (p < 0.05).
In general, there is also a statistically significant difference (p < 0.05) for GABA results in broccoli seeds obtained with FLD. Conventional Broccoli B is significantly different (p < 0.05) from Organic Broccoli B, Conventional Broccoli D and Conventional Broccoli E with the FLD.
While broccoli samples were obtained mainly from the same supplier, a statistically significant difference does exist between the various lots of the broccoli seeds. There was not enough data for organic broccoli seeds to compare with the conventional broccoli seeds to draw a conclusion on the relative GABA content. However, it is evident from Figure 1 that broccoli seeds do contain a high GABA content.
Conclusion
This is the first time that results have been reported of GABA content in different grains (flaxseeds, white quinoa seeds, and buckwheat) and cruciferous vegetable seeds (broccoli, kale, daikon radish, mustard, cabbage, and brussels sprouts). The levels of GABA determined in this study indicate that broccoli seeds, or their short time germinated sprouts should be useful as a natural source of GABA in human diet.
